An immunodominant protein, P40, of Mycoplasma agalactiae was analyzed genetically and functionally. The gene encoding P40 was cloned from type strain PG2, sequenced, submitted to point mutagenesis in order to convert mycoplasma-specific TGA Trp codon to the universal TGG Trp codon, and subsequently expressed in Escherichia coli. Nucleotide sequence-derived amino acid sequence comparisons revealed a similarity of P40 to the adhesin P50 of Mycoplasma hominis and to protein P89 of Spiroplasma citri, which is expected to be involved in adhesion. The amino acid sequence of P40 revealed a recognition site for a signal peptidase and strong antigenic and hydrophilic motifs in the C-terminal domain. Triton X-114 phase partitioning confirmed that P40 is a membrane protein. Fab fragments of antibodies directed against recombinant purified P40 significantly inhibited adherence of M. agalactiae strains PG2 to lamb joint synovial cells LSM 192. Sera taken sequentially from sheep infected with PG2 revealed that P40 induced a strong and persistent immune response that gave strong signals on immunoblots containing recombinant P40 even 3 months after infection. The gene encoding P40 was present in a single copy in all of the 26 field strains of M. agalactiae analyzed and was not detected in closely related mycoplasma species. P40 was expressed as a protein with an apparent molecular mass of 37 kDa on sodium dodecyl sulfate-acrylamide gels by all M. agalactiae strains except for serotype C strains, which showed nonsense mutations in their p40 genes.
Mycoplasma agalactiae is a major pathogen of goats and sheep. It is found particularly in Mediterranean countries but is also reported from many other areas in the world. M. agalactiae causes contagious agalactia, a syndrome that primarily affects the mammary gland, but it can also affect joints, eyes and, in some cases, the lungs (6, 13) . Contagious agalactia rises to a chronic state usually explained by the capacity of mycoplasmas to evade the host immune system. Different strategies are used by mycoplasmas for this purpose, including the phase and/or size variation of the membrane surface proteins, which leads to a constantly changing surface structure and the capacity of some lipoproteins to induce the expression of up-and downmodulating cytokines (32) . However, a prerequisite for colonization and infection is adhesion to the host cell (32) . Adhesion involves particular proteins named adhesins. In some mycoplasmas, such as Mycoplasma pneumoniae, Mycoplasma genitalium, and Mycoplasma gallisepticum, adhesion results from the action of multiple proteins, leading to the movement and concentration of the adhesins at a specialized structure, the attachment tip organelle (7, 20, 21, 25, 35) . In Mycoplasma hominis, adhesins are found dispersed over the cell surface and are directly involved in the attachment to the host cell (17, 31) . The close contact between mycoplasma and the target cell membrane resulting from this adhesion is thought to favor the transfer or exchange of metabolic components (32) . Moreover, adhesion may enable oxidative damage of host cells by facilitating the transfer of metabolites such as peroxides and superoxides from the mycoplasmas to the host cells (31, 38) .
While the mechanisms of adhesion are currently well described, particularly for human pathogens, no information is available regarding the factors involved in adherence of Mycoplasma agalactiae to mammary epithelium cells. In the present study, we focused our work on the molecular characterization of a new immunodominant adhesin, named P40, and studied its impact on the adhesion of M. agalactiae to sheep synovial membrane cells of a low passage number.
MATERIALS AND METHODS
Strains, cultivation, construction, and screening of gene libraries and radiolabeling. The mycoplasma strains used in the present study are listed in Table 1 . They were cultured in standard mycoplasma medium (Axcell Biotechnologies, Lyon, France) at 37°C until the stationary growth phase (30) . All M. agalactiae strains used in the present study were confirmed to belong to the species M. agalactiae by using a specific uvrC-based PCR as described previously (36) .
For labeling of M. agalactiae cells, type strain PG2 was grown in standard mycoplasma medium (Axcell Biotechnologies) at 37°C with 5% CO 2 . Then, 9 ml of standard medium was inoculated with 1 ml of a 3-day culture. After an additional 2 days of growth at 37°C, this 10-ml mixture was added to 190 ml of standard mycoplasma medium containing 20 Ci of [U- 14 C]palmitic acid (Amersham Pharmacia Biotech, Uppsala, Sweden). Cells were grown for 3 days at 37°C until stationary growth phase. Labeled mycoplasmas were harvested by centrifugation at 6,000 ϫ g for 20 min, washed twice with buffer A (0.05 M Tris-HCl, pH 7.2; 0.1 M NaCl; 1 mM CaCl 2 ), and resuspended in ca. 2 ml of buffer A to reach a titer of 10 9 CFU/ml. Aliquots of 200 l were used directly or frozen at Ϫ80°C until further use.
A phage expression gene library of M. agalactiae type strain was made by using the ZAP Express Predigested Vector Kit (Stratagene, La Jolla, Calif.) as described previously (14) . The phage library was plated according to the manufacturer's protocol by using the Escherichia coli host strain XL1-Blue MRFЈ (Stratagene). Screening of the library was performed by standard protocols with serum obtained from a naturally infected, convalescent sheep (serum PAL 97) and used at a dilution of 1:600. Positive clones were selected, amplified, and finally excised in vivo into phagemids pBK-CMV by using the filamentous helper phage ExAssist (Stratagene) as directed by the manufacturer. The pETHIS-1 expression vector (34) was used for polyhistidine fusion at both the N-terminal and Cterminal ends of the cloned proteins. The E. coli BL21(DE3) (Novagen, Madison, Wis.) was used for expression of the recombinant proteins. Plasmids were extracted by using the QIAprep Spin Miniprep Kit (Qiagen AG, Basel, Switzerland).
Nucleotide sequencing and sequence analysis. DNA sequencing was performed with a DNA Sequenator AB 3100 genetic analyzer and the Taq dye deoxy terminator cycle sequencing kit (Applied Biosystems, Norwalk, Conn.), with oligonucleotide primers matching the T3 and T7 promoter sequences ( Table 2) that flank the cloning site of the pBK-CMV vector. For the analysis of the complete cloned segment, the deletion technique was employed by using exonuclease III of the double-stranded nested deletion kit (Amersham Pharmacia Biotech). The DNA sequence was assembled by using the program Sequencher 3.0 (GeneCodes, Ann Arbor, Mich.). The DNA and deduced amino acid sequences were analyzed with the PC/Gene program PROSITE (3). Sequence comparisons with sequences in the GenBank and EMBL databases were made by using the BLAST programs BLASTN, BLASTX, and BLASTP (1) . Alignments were performed with PILEUP from the GCG Wisconsin package (Genetics Computer Group, Inc., Madison, Wis.). Analysis of protein sequences for characteristic motifs was carried out by using the programs SignalIP (27) b As determined by monoclonal serotyping (5) and species identification (36) . c Presence of the p40 gene as analyzed by PCR and Southern blotting. d "ϩϩ" indicates a strong signal, "ϩ" indicates a moderate signal, and "Ϫ" indicates no amplification or detection.
template. The DNA samples were heated for 2 min at 94°C to ensure denaturation prior to amplification for 35 cycles (30 s of denaturation at 94°C, 30 s at the optimal annealing temperature of the primers [ Table 2 ], and a 1-min extension at 68°C). A mixture of Taq and Pwo DNA polymerase (expand long template PCR system kit; Roche Diagnostics) was used when PCR products were to be cloned. Digoxigenin-11-dUTP (DIG)-labeled probes were produced by PCR as described above in the presence of 50 M DIG (Roche Diagnostics). For Southern blotting, genomic mycoplasmal DNA was digested with HindIII, and the fragments were separated by electrophoresis on a 0.7% agarose gel and then transferred onto a positively charged nylon membrane (Roche Diagnostics) (2) . Hybridization was performed with DIG-labeled probes and by detection by anti-digoxigenin antibody conjugated to alkaline phosphatase, followed by CDPStar (Roche Diagnostics) detection as described by the manufacturer.
Site-directed mutagenesis. For the expression of a mature P40 protein in E. coli host strains, the p40 gene from genomic DNA of M. agalactiae strain PG2 was first amplified with the primers 13aEcoRI-L and 13aNotI-R ( Table 2 ). The PCR product was cloned into the pGEM-T vector (Promega Corp., Madison, Wis.) for site-directed mutagenesis. In order to replace the mycoplasma specific TGA Trp codon with the universal TGG Trp codon, we used the overlap extension-PCR method (11) . For this purpose, PCR was performed in a 50-l reaction mixture [10 mM KCl, 10 mM (NH 4 ) 2 SO 4, 20 mM Tris-HCl (pH 8.8), 2.0 mM MgSO 4 , 0.1% Triton X-100, 0.1 mg of nuclease-free bovine serum albumin/ml, and a 350 M concentration of each dNTP] containing 2 to 3 U of Pfu DNA polymerase (Promega Corp.), 40 ng of Miniprep DNA as a template and 15 pmol of overlapping mutagenesis primers (carrying the appropriate nucleotide substitution) ( Table 2 ). After one step at 94°C for 2 min, the plasmid and the DNA insert were amplified for 16 cycles (30 s of denaturation at 94°C, 30 s at the optimal annealing temperature of the primers [ Table 2 ], and an 8-min extension at 72°C], followed by a final step at 72°C for 7 min). The PCR product was digested with DpnI for 1 h at 37°C to eliminate the methylated (parental) DNA (26) and subsequently used to transform E. coli XL1-Blue.
Expression and purification of recombinant protein P40. The products of the site-directed mutagenesis were sequenced. One positive clone was then digested by EcoRI and NotI for cloning into pETHIS-1. The construct was analyzed by restriction enzyme digestion and DNA sequencing, and then introduced by transformation into E. coli BL21(DE3) (Novagen) for expression of the fusion protein. Expression of this recombinant protein was induced by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at mid-exponential phase, and incubation continued at 37°C for 3 h. The cells were sedimented by centrifugation at 3,000 ϫ g for 10 min, resuspended in 5 ml of PN buffer (50 mM NaH 2 PO 4 , pH 8; 300 mM NaCl), sonicated with a Microtip for 4 min with a duty cycle of 50% (1-s pulses) in a Branson Sonifier 250 (Branson Ultrasonics, Danbury, Conn.), and then centrifuged at 15,000 ϫ g for 20 min. The supernatant containing the cytosolic fraction was kept, and the pelleted cell debris was resuspended in 5 ml of PN buffer (insoluble fraction). Analysis of the sonicated fraction on sodium dodecyl sulfate (SDS)-12% acrylamide gels (23) showed that the induced protein was contained in the pellet. Guanidine hydrochloride was added to a final concentration of 6 M to the insoluble fraction, and the mixture was loaded onto a prewashed 2.5-ml bed volume nickel-nitrilotriacetic acidagarose column (Qiagen AG) and washed once more with 30 ml of PNG buffer (50 mM NaH 2 PO 4 , pH 8.0; 300 mM NaCl; 6 M guanidine hydrochloride).
Step elution was performed with 10 ml of PNG buffer (50 mM NaH 2 PO 4 , pH 8.0; 300 mM NaCl; 6 M guanidine hydrochloride) at pH 7.0, 6.0, 5.5, 5.0, and 4.5, and fractions of 1 ml were collected. The fractions were dialyzed against PN buffer (50 mM NaH 2 PO 4 , pH 8; 300 mM NaCl) and analyzed on SDS-12% acrylamide gels. The purified fusion protein eluted at pH 5.0 and was dialyzed overnight against PN buffer.
Sera and polyclonal antibodies. Serum PAL 97 from a convalescent, naturally infected ewe that developed a chronic infection was used to screen the expression library and as positive control for immunoblots. Serum samples taken sequentially after experimental infections of ewes by subcutaneous inoculation with type strain PG2 or strain 5725 as described previously (14) were used to study the course of the immune response against P40 during an infection with M. agalactiae. Polyclonal monospecific serum directed against P40 was obtained by subcutaneous immunization of rabbits with 160 g of purified recombinant polyhistidine-tailed protein P40 in 500 l of PN buffer mixed with 500 l of Adjuvant 10 (Gerbu Biotechnik GmbH, Gaiberg, Germany), followed by booster immunizations with 40 and 20 g of protein in Adjuvant 10 at 2 and 4 weeks, respectively, after the first immunization. The rabbits were bled 10 days after the last booster immunization. Antisera were prepared from the blood samples and stored at Ϫ20°C.
Immunoglobulin purification and Fab preparation. Immunoglobulin G (IgG) fractions from rabbit monospecific anti-P40-His serum and from preserum of the same rabbit were purified with the HiTrap Protein G kit (Amersham Pharmacia Biotech) as indicated by the manufacturer. Preparation of the Fab fragments was performed with the ImmunoPure Fab Preparation kit (Pierce, Rockford, Ill.) according to the manufacturer's instruction by incubating 10 mg of IgG anti-P40-His from an immunized rabbit and from preserum of the same rabbit with immobilized papain. The crude digest was then applied to a column of immobilized protein A. Separation of Fab fragments from the Fc fragments bound to protein A was obtained by washing the column. The Fab fragments were then dialyzed overnight against phosphate-buffered saline buffer (140 mM NaCl, 2.7 mM KCl, 15 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 ; pH 7.4). Protein concentrations were determined by using the method of Bradford (10) .
Immunoblot analysis and Triton X-114 partitioning. Total antigen from mycoplasmas was treated as previously described (14) . Immunoblotting was carried out with the sheep PAL 97 serum at a dilution of 1:600, the rabbit monospecific serum anti-P40 at a dilution of 1:1000, and sheep experimental serial sera at a dilution of 1:100 (2).
M. agalactiae total antigen was separated into hydrophobic and hydrophilic fractions by the Triton X-114 partitioning method (8) with a 10-ml culture of PG2 grown until the stationary phase. Samples from the Triton X-114 detergent phase and from the aqueous phase and whole mycoplasma cells were mixed with protein sample buffer, analyzed on SDS-12% acrylamide gels, and blotted onto nitrocellulose. The filter was subsequently used for immunoblotting with the monospecific, polyclonal antibodies directed against P40. d Nucleotides added to create the restriction enzyme recognition sites were not considered.
Culture of lamb joint synovial cells. Preparation of lamb membrane cell culture (LSM 192) from carpal joint synovial tissue was explanted into six-well tissue culture plates. The tissue was mechanically minced and subsequently incubated at 37°C in tissue culture medium (minimal essential medium [Biochrom, Berlin, Germany] supplemented with 10% fetal calf serum, 2.5 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml) in a CO 2 incubator. The medium was changed every 3 days. After they reached confluence, the cells were treated with trypsin and transferred to 75-cm 2 tissue culture flasks. Cells were passaged at weekly intervals and transferred to 24-well plates. Synovial cells were used in adherence assays when they had reached confluence, with 10 5 cells per well of 2 cm 2 . Nonspecific sites of eukaryotic membrane proteins were blocked by incubation of the cells with a solution of 0.1% bovine serum albumin for 15 min at 37°C prior to the addition of the mycoplasma suspensions for adherence assays.
Adherence and inhibition assays. To determine the optimal concentration of M. agalactiae type strain PG2 cultures for the adhesion assay, dilutions (1:2 to 1:128) of the 10 9 CFU/ml of culture (either fresh or stored at Ϫ80°C) were prepared in buffer A (33) . After this, 200 l of each dilution was transferred to each LSM 192 monolayer and incubated for 2 h at 37°C with shaking. In each case, three parallel trials were carried out. After the removal of excess liquid, cells were washed twice with 500 l of buffer A and then solubilized with 100 l of 1% (wt/vol) SDS solution plus 500 l of buffer A for 2 h at 37°C with shaking. The lysed suspension of each well was then transferred into a vial containing 3 ml of scintillation cocktail Emulsifier Scintillator Plus (Packard Instrument Company, Meriden, Conn.), and the decays per minute were measured with a scintillation spectrometer (Wallac 1410 Liquid Scintillation Counter; Perkin-Elmer, Regensdorf, Switzerland). The relative adherence (i.e., the percentage of mycoplasmas attached to LSM 192 cells) was expressed as the ratio of decays per minute in the washed and lysed samples divided by the decays per minute measured in 200 l of mycoplasma suspension at the corresponding dilution.
A mycoplasma concentration of 3.1 ϫ 10 7 CFU/ml which resulted in 22.4% of the mycoplasmas adhering to the LSM 192 cells was used for inhibition assays. Inhibition of adhesion by P40 antibodies was measured as the percentage of the reduction of adhesion after exposure of the mycoplasmas to 130 g of purified IgG/ml from monospecific rabbit antiserum directed against recombinant P40. This IgG concentration gave optimal inhibition of adhesion and corresponded to the IgG concentration in serum diluted 1:20. This corresponds to the serum dilution used by Washburn et al. (39) . As controls, purified IgG antibodies from preserum of the same rabbit were used at the same concentration as used for the anti-P40 IgG antibodies. Fab fragments directed against P40-His and from preserum were used at a concentration of 90 g/ml. Inhibition assays were performed by adding 100 l of each purified IgG (260 g/ml) or Fab fragments (180 g/ml) to 100 l of PG2 mycoplasmas at 6.2 ϫ 10 7 CFU/ml to reach a final PG2 concentration of 3.1 ϫ 10 7 CFU/ml. The samples were incubated for 2 h at room temperature with shaking. The mixture was then transferred into the 2-cm 2 cavities of the LSM 192 culture plate and incubated for additional 2 h at 37°C with shaking. Cells were then washed and harvested as described above and adhering mycoplasmas measured with the scintillation spectrometer.
Nucleotide sequence accession number. The EMBL/GenBank accession number for the nucleotide sequence of the 3,495-bp fragment in plasmid pJFFBF13a is AJ315329. The sequences of the p40 genes from 11 M. agalactiae strains are deposited in EMBL/GenBank under accession numbers AJ344229 to AJ344239.
RESULTS

Cloning the gene encoding a 40-kDa antigen of M. agalactiae.
Screening for immunodominant proteins of the expression library of M. agalactiae type strain PG2 containing ca. 5 ϫ 10 7 recombinant phage clones with serum PAL 97 revealed several positive phage plaques, one of which was used in this study. The DNA from this plaque was converted into phagemid by in vivo excision and the resulting plasmid, named pJFFBF13a, contained a 3.5-kb insert. Total antigen preparation of the Escherichia coli clone containing the selected plasmid pJFFBF13a revealed on immunoblots a few protein bands with apparent molecular masses between 25 and 35 kDa reacting weakly with serum PAL 97, and a strongly reacting band at ca. 28 kDa (data not shown).
Analysis of the 3.5-kb insert in plasmid pJFFBF13a. The 3.5-kb insert of plasmid pJFFBF13a was sequenced. PCR amplifications by using genomic DNA of PG2 as a template and primers pBK13a-L1 and pBK13a-R1 (Table 2 and Fig. 1 ) derived from the nucleotide sequence at the extremities of the insert confirmed that the cloned segment was contiguous and not composed of nonadjacent Sau3AI fragments. Sequence analysis of the insert revealed four open reading frames (ORFs) and the N-terminal part of a fifth ORF (Fig. 1) . The 200-amino-acid (aa) protein coded by ORF1 (nucleotides 271 to 873 of sequence AJ315329) presents 27% identical and 50% similar amino acids to a protein with repeat motifs, bdrA9, of Borrelia turicatae (12) and 25% identical and 41% similar amino acids to the P50 adhesin of M. hominis (19) . It does not possess a signal sequence and appears to be highly immunogenic and surface exposed. ORF1 is followed by a putative transcription termination site (Fig. 1) . The second ORF, p40 (nucleotides 1010 to 2089), encodes a 359-aa polypeptide, named P40, with a predicted molecular mass of 40 kDa. The putative promoter region is composed of a Ϫ10 box at posi- (24) . Finally, a fifth ORF was found on the minus strand ( Fig. 1) , presenting no significant homology with any protein known in the databases. Presence of the p40 gene in different mycoplasma species. To study the species specificity of the p40 gene, we looked for its presence in several field strains of M. agalactiae with the primer pair 13aEcoRI-L-13aNotI-R, which was designed for the production of the recombinant protein. The expected fragment of 920 bp was amplified from the genomic DNA of the type strain and all field strains of M. agalactiae used in the present study (the results are summarized in Table 1 ). Strain 4212 showed a weak signal (not shown) that was later explained to be due to three nucleotide modifications of this strain in the binding site of primer 13aEcoRI-L. These modifications were verified by sequence analysis of the PCR product obtained with the primers MagaP13a-L1 and MagaP13a-R1 (Table 2 ) amplifying a 1,346-bp fragment. No amplification from genomic DNA of any other related mycoplasma species tested was obtained with the primers 13aEcoRI-L and 13aNotI-R. All strains listed in Table 1 were subjected to Southern blot analysis. Genomic DNA was cut with HindIII and hybridized with the DIG-labeled probe specific for p40. Type strain PG2 and most of the field strains of M. agalactiae presented a single 1.3-kb band (Fig. 2) , whereas strains 209, 5632, 3990, 4054-1, 4055, 4212, and 8064 showed single hybridization bands of larger sizes (data not shown). In some strains, additional bands reacted faintly with the probe, a result probably due to nonspecific cross-hybridizations. No hybridization signal was observed with strains of the other mycoplasma species (Fig. 2) . These results imply that the gene encoding P40 is specific for M. agalactiae species ( Table 1) .
Expression of P40 in M. agalactiae strains and analysis of the p40 gene. The total antigens of 27 strains of M. agalactiae and other mycoplasma species listed in Table 1 were probed with the monospecific rabbit anti-P40 serum directed against purified recombinant polyhistidine-tailed P40. The serum reacted with a protein of an apparent molecular mass of 37 kDa in the type strain PG2 and in 22 out of 26 field strains, with variable intensity. In four strains (9, 5225, 7169, and 7375), the serum anti-P40 did not recognize any P40 protein (Fig. 3) . All strains that were devoid of expression of P40 belonged to serotype C (5) ( Table 1) .
To determine the genetic basis of the observed differences of expression and size of P40 among the different strains of M. agalactiae, we sequenced the p40 gene of 10 field strains, including 4 strains that strongly expressed P40 under culture conditions (209, 3990, 4021, and 8064), 3 strains that moderately expressed P40 (4212, 4258, and 6968) and 3 strains of serotype C that were devoid of P40 expression (9, 5225, and 7375). The differences in strength of expression of P40 could be correlated to variations in the Ϫ10 sequences of the potential promoters (strain 4258) or upstream regions (strain 4212), as has also been observed for protein P30 (14) . The p40 gene of strain 6968 has a completely different translation initiation codon which is far from the predicted ribosome-binding site. The p40 genes from the three strains 9, 5225, and 7375 that were devoid of P40 expression showed nucleotide deletions or insertions at the beginning of the P40 coding sequence, causing frameshifts that lead to aberrant peptide formation and a premature stop in translation. Small size variations were observed among some P40 bands (Fig. 3 ) that could be due to differences observed in the nucleotide and amino acid sequences of the protein. Most of the strains, such as PG2, 4021, and 8064, which have identical P40 nucleotide sequences, presented P40 bands at 37 kDa, whereas strains 209 and 3990, which carry several variations in their p40 gene sequences, both presented P40 bands of smaller sizes.
Identification of P40 as a membrane protein involved in adherence. To determine the cellular location of P40, the total antigen of M. agalactiae type strain PG2 was subjected to a Triton X-114 phase partitioning. Monospecific anti-P40 serum reacted strongly with a 37-kDa protein (P40) in the Triton X-114 phase but not with proteins found in the aqueous phase. This indicates that P40 is an integral membrane protein (Fig.  4A ). TMpred identified a unique and significant transmembrane region (score 1762) spanning aa 7 to 25 in the aminoterminal region of the protein corresponding to the putative signal sequence. To show the immunodominance of P40, a Western blot of the Triton X-114 extract was performed with sheep antiserum PAL 97. One band of ca. 37 kDa that reacted with the sheep antiserum was shown to migrate on the gel to the same position as P40 (Fig. 4B) .
Considering the significant similarity of P40 to other mycoplasmal adhesins, we studied its impact on the adhesion process of M. agalactiae. An adhesion assay of type strain PG2 to lamb synovial membrane cells was developed. The relative adherence of M. agalactiae to LSM 192 cells increased with increasing dilutions of the mycoplasmas, indicating that saturation of adherence was achieved over the whole range of mycoplasma concentrations used (Fig. 5) . The results were the same if fresh cultures or frozen stocks were used. Inhibition assays showed that monospecific anti-P40 IgG antibodies significantly reduced adhesion to lamb LSM 192 cells by 38.7% compared to purified IgG from preserum of the same rabbit, which reduced the number of M. agalactiae adhering to the lamb cells by 6.0% (Fig. 6) . Fab fragments directed against P40 dramatically reduced adhesion by 85.7%, while those from preserum had an inhibitory effect of 6.7% (Fig. 6) .
Immune response of ewes infected with M. agalactiae against recombinant P40. In order to examine the immune response to the recombinant P40 of sera from experimentally infected ewes, immunoblots were performed with serial serum samples collected during the first 3 to 4 months after inoculation. The immunoblot results were compared to enzyme-linked immunosorbent assay (ELISA) titers of an assay that is routinely used for the control of sheep and goats for potential infection by M. agalactiae. The immune response was comparable for all ewes. Typically, the serum from a ewe (e.g., no. 6286) infected with M. agalactiae PG2 reacted with recombinant P40 at day 11 after inoculation. The reaction with P40 was highest at day 18 after inoculation and persistent until the end of the experiment at day 108 after infection, whereas the ELISA titers dropped at day 21 after infection ( Fig. 7) .
DISCUSSION
Functional analysis of the P40 protein by means of monospecific, polyclonal antibodies directed against mature P40 re- encephalitis, and arthritis in sheep (28) . Together with the results of the adherence experiments, this indicates that lamb synovial membrane cells permit the study of host-pathogen interactions that closely reflect the situation in vivo. Inhibition experiments with purified IgG antibodies from monospecific rabbit serum directed against recombinant P40 inhibited attachment of M. agalactiae PG2 to lamb synovial membrane cells by 38.7%. Fab fragments from anti-P40 IgG inhibited adhesion of M. agalactiae by 85.7%, confirming that P40 plays a crucial role in cytadherence of M. agalactiae. The low inhibition (6.0 to 6.7%) obtained with IgG and Fab fragments from preserum suggested that clumping of the mycoplasmas did not interfere with the adhesion assay.
The similarity of P40 with the P50 adhesin of M. hominis was shown by BLAST search. Analysis of the P40 sequence showed that amino acid composition, especially for the lysine (16.2% in P40 and 16.7% in P50) and the leucine and isoleucine (16.9% in P40 and 17% in P50), was similar for both proteins (18) . These properties, together with the possible presence of a leucine zipper motif in P40, as was found in P50, suggest a functional analogy of P40 to the adhesin P50 of M. hominis.
Protein P40 was shown to be located in the membrane by Triton X-114 partitioning experiments. The membrane location of P40 is an inherent property related to its function as an adhesin (32) . The TMpred program identified a single transmembrane region in P40 matching the signal sequence. This information, together with the fact that p40 was found in a phage plaque strongly reacting with serum PAL 97 and the fact that P40 fractionated in the Triton X-114 phase, suggest that this lipoprotein is an outer membrane protein. P40 does not seem to be subject to high-frequency phase variations since DNA sequence analysis revealed no loci that would be involved in such mechanisms (16) . The reason why certain strains of M. agalactiae, all belonging to the serotype C as serotyped by Bergonier et al. (5) , were devoid of P40 production was shown to be due to one point mutation found in the 5Ј half of the coding region of P40, but no correlation was found with virulence strength of the different strains. Mycoplasma species other than M. agalactiae, including the phylogenetically closely related M. bovis (29) , do not produce the P40 antigen, nor do they contain the p40 gene. Although it is not clear why strains of serotype C fail to express P40, the finding that the protein is characteristic to all other M. agalactiae strains tested may support the functional feature of P40 being an adhesin. The analysis of the humoral response to P40 from ewes artificially infected with the M. agalactiae type strain PG2 indicated that P40 is strongly immunogenic, inducing an early antibody response showing the first signal 11 days postinfection and persisting for at least 3 months after infection when ELISA titers had decreased. The same effect was observed for P30 (14) and other lipoproteins (37) . These experimental infections mimicked both a natural infection, since the inoculations induced a persistent disease with mycoplasmas found in the milk, and typical clinical aspects and seroconversion (6) .
Considering the strong and persistent antibody response against P40 and its role in adhesion, a central mechanism of virulence of mycoplasmas, P40 represents an interesting antigen for further studies on the virulence of M. agalactiae and for new attempts in the development of future diagnostics and prophylactics.
